We study breakdown of CP T symmetry which can occur in the decay process BB → l ± X ∓ f with f being a CP eigenstate. In this process, the standard model expectations for time ordered semi-leptonic and hadronic events, i.e. which of the two decays takes place first, can be altered in the case that there is a violation of the CP T symmetry. To illustrate this possibility, we identify and study several time integrated observables. We find that an experiment with 10 9 BB pairs, has the capability for improving the bound on CP T violating parameter or perhaps observe CP T
Introduction
In recent years there has been an intense activity investigating the flavour sector of the standard model (SM). By now, there has been strong evidence indicating new physics beyond the SM coming from the leptonic sector. In contrast, measurements from the quark sector seem to agree well with SM expectations. However, given the theoretical uncertainties posed by low energy QCD, there has been lot of motivation to extract clean signals which will provide for stringent tests of the SM. One such issue is the measurement of the life time differences of the neutral B mesons. In the SM, the width difference in the B d meson is expected to be smaller than the B s system due to a CKM suppression, but at the same time, an accurate estimate for the B d,s width difference is still lacking. Note that the width measurement is an important requirement for obtaining an accurate determination of the CKM triangle, and to resolve the discrete ambiguity for the CP violating phase β. It has been pointed out that any reasonable measurements of the width is statistically tedious but nonetheless can be overcome by using more than one decay channel [1] . On the other hand, semi-leptonic decays (which are self-tagging) of B mesons have been proposed as a clean mode to measure life time differences [2] . In any such measurement, it is pertinent to also account for violation of CP T invariance and its consequences in width measurements. It is noteworthy that the existing experimental limits on CP T violation are not very stringent and thus it becomes necessary to allow for this possibility in measurements of B decays. An argument for this was presented in [3] which questions the validity of CP T theorem for partons which are confined states. In parallel, CP T may not be a good discrete symmetry in many higher dimensional theories of which the SM is an effective low energy description [4] ; besides the existence of mixed non-commutative fields could also break CP T [5] . In brief, there do exist a number of theoretical possibilities which allow for CP T violation. In any case, given that in nature we have observed violations of discrete symmetries, it is certainly interesting to test the CP T hypothesis.
The possibility of CP T violation has been studied in B decays using both time dependent and integrated analyses for neutral B mesons [6] . Subsequently, there are several analyses which in most cases also involve a detailed time dependent study and/or flavor tagging [7, 8, 9] . In the present note, we complement the existing literature by extending the method proposed in [2] for CP T violating scenario, we extract useful information on the CP T violating parameters and also study its pollution to any width measurements. The procedure presented here requires a time ordering of leptonic/hadronic events (which decay happens first) without demanding any detailed time development of states.
Our paper is organized as follows. In the next section, we present the general formalism for the time evolution of a neutral B meson in the presence of CP T violation. In section 3 we define the observables which can extract signals for CP T violation and are theoretically clean. This is followed by a brief numerical analysis for a specific decay channel and we compare the results with the B d system. We finally conclude with a brief summary in section 5.
2 The time evolution
Basic setup and definitions
In this section, we review the basic formalism for the decay of correlated BB pair in the presence of CP T violation [10] . Starting with a quantum state which is a linear combination of the B andB meson states denoted as
the time evolution of the BB system can be described by a two dimensional Schroedinger equation
The mixing matrix is non-Hermitian and can be written as
with M and Γ being Hermitian 2 × 2 matrices
while there is no constraint on the off-diagonal elements. As a result, to test CP T invariance one needs to parametrize the difference of the diagonal elements of the mixing matrix. A sensible parametrization has to be invariant according to a re-phasing of the meson states [11] . In particular, when a re-phasing of the type |B ′ → e iγ |B is done, the 
This means the diagonal elements in (3) remain the same after re-phasing while the product of the off-diagonal elements are re-phase invariant. Besides, the eigenvalues of (3) are rephase invariant. This leads to several possibilities to parameterize CP T violation and in this analysis, we choose a parameter
In the presence of δ = 0, the width and mass differences of the two B states are obtained by calculating the eigenvalues of (3) . We obtain these to be
Upon using
and equating the real and imaginary parts, results in the width difference and mass difference
Furthermore, from the eigenvalue equation,
we obtain the ratios
Introducing the mass eigenstates for the B mesons as
the time development of B andB is evaluated to be
In (13) f
The information about CP T violation is encoded in the parameter
Given that δ is re-phase invariant, ω is also re-phase invariant and deviates from unity in case of CP T violation.
The decay channel
After having laid out the prescription for the time evolution in the presence of CP T violation, we consider a decay where one part of the final state is semi-leptonic while the second part is hadronic, i.e., BB → l ± X ∓ f (f). The amplitude for a neutral B meson decaying into a final state with a lepton l ± and a final state f orf can be expressed as
with C denoting the charge conjugation of the BB pair. The individual decay amplitudes for the hadronic channels are
In (17), the A i denote the absolute values for the amplitudes and η i and φ i are the strong and weak phases respectively. Using this, along with the notations
with the phase due to mixing denoted by φ m , the amplitudes are given to be :
In (19), F denotes the amplitude for the decay B → l + X − and the corresponding amplitude for the CP conjugated process is denoted byF . The decay to a lepton is measured at t 0 while t is the time when the decay to state f occurred. The BB pair is taken to be the one produced at a Υ resonance and hence, the BB charge parity, C = −1 in (16). In addition, the state f is chosen to be a CP odd eigenstate. This sets, η = 0 and r = −1.
The CP T violating rate
Following the above construction, for the decay process BB → l ± X ∓ f let us define two time correlated observables: (i) R S which denotes the number of events in which the hadronic decay precedes the semi-leptonic one (which in our context the time ordering is t < t 0 ) and (ii) similarly, we define the number of events where the semi-leptonic decay precedes the hadronic decay denoted by R L . To illustrate, if we choose positively charged leptons, we have the rates
Using (20), for CP eigenstates 1 we can define the following ratios
where the rates without the subscripts L or S denote total time integrated rates without any time ordering.
The small δ limit
In order to appreciate the qualitative effects of CP T violation, it is useful to present the ratios in (21) in the limit of small δ. By small δ, we mean that both (|Reδ|, |Imδ|) ≤ 0.1. However, we emphasize that for our numerical analysis, we use exact expressions for the rates without resorting to any assumptions on the strength of the CP T parameters. These are presented in the appendix of this paper. In the following, our approximate analytical results are only given to get a feeling for the effects of CP T violation. We present these expressions for the case of the B s system where one can neglect the effects due to the CP phase.
In the presence of CP T violation, defining y = ∆Γ/(2Γ), x = ∆m/Γ, up to O(δ 2 ) we find
Note that in the limit y = 0 and in the absence of any CP or CPT violation we would expect an equal number of l + and l − states.
In the presence of CP violation the rates get modified as, R
. Both of these terms are negligible for the case of the B s system due to a small Φ and a large x. We note that the ratios in (22) can be used to disentangle any CP T violating effects. To be precise, the ratio R + 1 can show a non-scalable 1 This choice sets f =f in (16) . 2 We do not present the exact form for r ± as they are tedious and not illuminating.
deviation from a factor of 1/2 in the presence of CP T violation. Furthermore, we have the ratios
The ratios R 2 and R 3 are nonzero only in the presence of CP T violation and serve as consistency check for (22). In the case of B s system, for y ≪ x, we have the approximation
In this limit, using (22) we have the consistency check
Finally, by inverting the relation in (22), in terms of pure observables (R ± 1 ) we can extract information on the real and imaginary parts of CP T violating parameters.
A consistency relation between Re[δ] and Im[δ]
With the reasonable approximation, x 2 ≫ y 2 , (22) translates to the condition
Squaring (26) we have
In addition, by eliminating y using (22) and (26), we find that Im[δ] is automatically constrained through a consistency relation
Thus, by measuring the ratios R 
Numerical analysis
The effects discussed in our numerical analysis were calculated using the exact expressions for the event rates which are given in the appendix (section A) of this article. In this analysis, we have varied both Re[δ] and Im [δ] in the range between −0.5 to 0.5. It has been shown in [9] that this range is not yet excluded by an analysis of the recent Belle data according to which, |m B − mB| ∼ 10 −14 m B [13] . Figs.1 and 2 show the results for the B s system and for appropriate values of the variables. In Fig. 1 we show the ratio R − 1 as a function of Re[δ] and for three values of y consistent with the current estimates [14] . In the CP T conserving limit, the value for R and we find it to be too small ∼ O(0.001). This can be attributed to the largeness of x for the B s system which is succinctly brought out in our approximate analytic expressions discussed in section 3.1.
It is interesting to ask what is required in experiments in order to observe these CP T violating effects. First of all, the effects which are discussed here are for C = −1 state, which is satisfied in e + e − colliders; provided these machines are tuned at higher energies to be able to produce B sBs pairs. A promising channel is B sBs → l ± X ∓ J/ψφ where the lepton and J/ψφ are detected at two different times with the identification of the time ordering at the decays, i.e. which decay happened first. The measurement of the ratios requires an accuracy of 1% and we need about 10 4 decays to the channels under consideration. Given the semi leptonic branching fraction of B s to be 10% and the decay to J/ψφ to be 10 −3 we have a branching fraction for this process of ∼ 10 −4 . Consequently, we require roughly 10 8 B sBs pairs produced through a C = −1 state. This also suggests that with the comparable number of events, a reasonable bound can be set for Re [δ] . Alternatively, if no significant deviation from the above mentioned range for say R − 1 , is found, then one can conclude that the data are consistent with zero or rather small CP T violating effects. Here, by small, we mean Re[δ] < 0.1. This limit can be improved if in future we have better handle on the values of y which currently suffers from large errors.
We now turn to discuss briefly the effects of CP T violation for the B d system and we choose the process, B dBd → l ± X ∓ J/ψK S . In contrast to the B s mesons, for the case of the B d system, one cannot neglect the presence of the CP violating phase. We show in Figs 
Summary
We discussed indirect CP T violation as it appears in the B meson system. The break down of the CP T symmetry occurs in several theories and modifies the time development of the states. The development is characterized in terms of a parameter δ which is phaseconvention independent [10] . Consequences of the break down of the CP T symmetries manifests itself in the time development of the states. Our main concern is the production of B sBs and B dBd pairs in a odd charge conjugation state. In the case of B s andB s system, the decay depends on the CP T violating parameter δ while the influence of the CP phase is negligible. One way to observe the difference (due to δ) is to study the time development of the decays. However, because of the large number of the events required, we propose time integrated rates. Once the B sBs pair is produced, we encounter two different decays; one of them can be semi-leptonic and the other one can be hadronic. We also defined a time-ordering, meaning which one of these events occurs first. For instance, R S denotes all the events where the semi-leptonic decay follows the hadronic one; similarly, R L includes the events where the semi-leptonic decay occurs before the hadronic [2] . These two rates are different for two reasons: the width differences and because of CP and/or CP T violation. These ratios were calculated using the formulas given in the appendix and the results were presented in section 4. We calculated the asymmetries involving R L,S as functions of the parameter δ and the observed width difference y. We summarised our numerical results in section 4 and through Figs. 1 to 6 . The formalism presented here holds for B d system as well and our conclusion is that experiments with 10 9 B sBs or B dBd pairs will be able to restrict the Re[δ] to less than 10% or otherwise observe an effect. These considerations are within reach of the present experiments [13, 16] .
A Appendix
In this section, we present exact expressions for the rates calculated from (19) using the definition
In our notation, Ω represents the phase of ω ≈ 1 + δ. Defining the overall prefactor
we have:
(32) One can see that the imaginary part is detectable.
